. Purpose: To investigate associations between accelerometer-determined sedentary time (ST) in prolonged (Q30 min) and nonprolonged (G30 min) bouts with physical activity energy expenditure (PAEE) from doubly labeled water. Additionally, associations between ST and body mass index (BMI) and waist circumference were examined. Methods: Data from 736 women and 655 men age 43 to 82 yr were analyzed. Participants wore the Actigraph GT3X for 7 d on two occasions approximately 6 months apart, and the average of the measurements was used. Physical activity energy expenditure was estimated by subtracting resting metabolic rate and the thermic effect of food from doubly labeled water estimates of total daily energy expenditure. Cross-sectional associations were analyzed using isotemporal substitution modeling. Results: Reallocation of prolonged ST to nonprolonged was not associated with increased PAEE and only significantly associated with lower BMI (A = j0.57 kgIm j2 ; 95% confidence interval, j0.94 to j0.20) and waist circumference (A = j1.61 cm; 95% confidence interval, j2.61 to j0.60) in men. Replacing either type of ST with light or moderate-tovigorous physical activity was significantly associated with higher PAEE, and lower BMI and waist circumference in both women and men. Conclusions: Limiting time spent sedentary as well as decreasing ST accumulated in prolonged bouts may have beneficial effects on BMI and waist circumference. Replacing any type of ST with activities of light or higher intensity may also have a substantial impact on PAEE.
A large part of our waking day is spent sedentary, a behavior defined as engaging in activities while in a sitting or reclining posture and resulting in lowenergy expenditure (e1.5 METs) (1) . Objectively measured sedentary time (ST) is unfavorably associated with metabolic markers (2) . When replacing sitting with standing in workplace interventions, distinct improvements in cardiometabolic risk factors have been reported (3, 4) . Evidence is emerging on the detrimental effects of ST accumulated in prolonged bouts and potential benefits of breaking up ST (5) (6) (7) (8) (9) .
With hours in a day fixed, participating in one activity means not participating in another. Nevertheless, most previous studies have not looked at time spent in activities of different intensities as interdependent. By using isotemporal substitution modeling (10) , it is possible to examine how increasing time spent in one activity while reducing time spent in another activity is associated with an outcome of interest. For example, replacing 1 h of self-reported sitting time with purposeful exercise has been prospectively associated with reduced mortality (11) . In studies using accelerometers, replacing ST with light-intensity physical activity (LPA) or moderate-to-vigorous physical activity (MVPA) has shown favorable associations with mortality, metabolic markers, waist circumference and body mass index (BMI) (12) (13) (14) (15) (16) (17) . Replacing prolonged ST (bouts of ST Q30 min), with nonprolonged ST (bouts of ST G30 min), has also been associated with lower BMI and waist circumference (18, 19) .
Compared with being sedentary, standing or walking results in increased skeletal muscle activity (20) , which results in more energy expended. Thus, findings that suggest replacing ST with LPA or MVPA is beneficially associated with BMI and waist circumference may be explained by increased energy expenditure. It is, however, unknown if there is a difference in energy expenditure between prolonged or nonprolonged ST.
We aimed to study the associations between accelerometer determined ST in prolonged (Q30 min) and nonprolonged (G30 min) bouts with physical activity energy expenditure (PAEE) from doubly labeled water (DLW) in a large sample of women and men. We additionally examined associations between both types of ST and self-reported BMI and waist circumference. We used the isotemporal substitution approach to take into account the interdependency between time spent at different intensity levels of physical activity.
METHODS
Study population. In 2010 to 2013, two validation studies of the food frequency questionnaire (FFQ) and the physical activity questionnaire (PAQ) used in the Nurses_ Health Study (NHS) (21) , Nurses_ Health Study II (NHSII) (22) and the Health Professionals Follow-up Study (HPFS) (23), were conducted. The Women_s Lifestyle Validation Study (WLVS) included a subset of women from NHS and NHSII and data collection was performed in 2010 to 2012. The Men_s Lifestyle Validation Study (MLVS) data collection was performed in 2011 to 2013 and included a subset of men from HPFS and an additional subset of men from the local community who were members of the Harvard Pilgrim Health Care insurance plan. The participants in all three cohorts respond to biennial questionnaires and participants in WLVS and MLVS were a random sample of NHS/NHS II, and HPFS participants who completed the 2006/2007 FFQ and had previously provided blood in these cohorts. Eligibility criteria for participation included availability of broadband internet, and no expected changes in habitual dietary intake or physical activity patterns. Individuals with a history of coronary heart disease, stroke, cancer, or major neurological disease were excluded. In total, 796 women and 671 men consented to participate.
The institutional review board of the Harvard T.H. Chan School of Public Health and Brigham and Women_s Hospital approved the study.
Data collection procedures. As described in detail previously (24) , data collected in WLVS and MLVS included: two administrations of the PAQ used in the large cohorts, one DLW measurement and two accelerometer (ActiGraph GT3X; Actigraph Corporation, Pensacola, FL) assessments. In brief, the two accelerometer measurements occurred approximately 6 months apart, and one of the accelerometer measurements was designed to occur during the same 3-month window as the DLW measurement A detailed description and a figure of the WLVS and MLVS timeline has been published previously (24) . A subsample of both women (n = 90) and men (n = 104) had a repeat DLW measurement which allowed for assessment of withinperson variability. For the purpose of this study, information on physical activity from the PAQ was not included. The total data collection period for each individual was approximately 12 months.
Accelerometers and a wear time diary were mailed to participants who were instructed to wear the monitor on the hip for 7 d during all waking time, except while bathing or swimming. The accelerometer was not worn during bed time. Participants then mailed the accelerometer and diary back to the study center.
For DLW measurements, participants were mailed a dose of bottled DLW a few days before they underwent the protocol. Standard doses of 1.5 g DLW per kilogram body weight were used. Participants provided a total of six 10 mL urine samples. Two samples were collected before intake of the DLW dose, two postdose and two more after 10 to 14 d.
Data from the first DLW measurement and the daily average of valid days from the two accelerometer measurements were analyzed in the present study. Among the 796 women and the 671 men enrolled in WLVS and MLVS, respectively, only those with at least one accelerometer measurement with at least 4 d with Q10 h of wear per day were included (n = 775 women and n = 667 men). Further, women and men with missing DLW data (n = 27 and n = 7), a reported BMI G18.5 or Q50 kgIm j2 (n = 9 and n = 1) or missing information on waist circumference (n = 3 and n = 4) were excluded. In total, 736 women and 655 men were included in final analysis.
Accelerometer-derived variables. For accelerometer measurements, an epoch length of 1 s was set. To increase the monitor sensitivity in the low-frequency range, the low-frequency extension was enabled (25) . For this study, activity counts from triaxial vector magnitude were used, accelerometer measurements have been described in more detail previously (24) . Nonwear time was determined using standard methods (26) and defined as Q60 consecutive minutes with zero counts allowing for limited movement during up to 2 min with G200 counts per minute (27) . Daily wear time was assessed by subtracting nonwear time from 24 h and days with Q10 h of registered wear time were considered valid.
Sedentary behavior (G1.5 METs) was defined as consecutive minutes with G200 counts per minute (26) based on intensity alone. Minutes with 200 to 2689 counts were classified as light intensity (1.5-2.99 METs) and minutes of Q2690 counts were classified as activity of moderate-to-vigorous intensity (Q3 METs) (28) . Prolonged and nonprolonged ST were defined separately as bouts of ST Q30 min or G 30 min, respectively. Minutes per day spent in prolonged and nonprolonged ST, LPA, and MVPA were summarized, and mean daily time spent in each intensity category was calculated across valid wear days.
DLW-derived variables. Total daily energy expenditure (TDEE, kcal) was determined using isotope ratio mass spectrometry to analyze urine specimens for deuterium and oxygen-18 (29, 30) . PAEE (kcal) was assessed by subtracting resting metabolic rate (RMR) and the thermic effect from food from TDEE. RMR was calculated based on sex, age, weight and height using the Mifflin-St Jeor equation (31) . A constant of 10% of TDEE was used to account for the thermic effect of food.
Anthropometric variables and covariate assessment. Body weight (kg) was self-reported at the time of the DLW assessment and used to account for differences in energy expenditure due to body size in models. Height and waist circumference were self-reported on the first PAQ. BMI (kgIm j2 ) was derived from self-reported weight (kg) and height (m). In addition, the Alternative Healthy Eating Index (AHEI) was calculated using data from the FFQ to allow adjustment for diet in analysis of BMI and waist circumference. In brief, the AHEI is based on adherence to recommended levels of 11 different dietary components and has been described in detail elsewhere (32) .
Statistical analysis. All analyses were run separately for women and men. Mean values and SD were calculated to examine characteristics by quartiles of prolonged ST. Differences in characteristics between quartiles were assessed using one-way ANOVA.
Spearman correlation coefficients were calculated to assess the associations between accelerometer-derived variables and PAEE, BMI, and waist circumference. Partial Spearman correlations were adjusted for age and MVPA as well as the AHEI (in analyses of BMI and waist circumference), and body weight (in analysis of PAEE). In addition, to account for random within-person variability in PAEE (33), deattenuated Spearman correlations (34) were calculated for PAEE using information from the repeated DLW measurements in a subsample of participants (n = 90 women and n = 104 men).
Associations of accelerometer-derived variables with PAEE, BMI and waist circumference were also examined using multivariable linear regression and three different models for each outcome: 1) Single-activity models that modeled each activity separately, adjusted for confounders (models of PAEE were adjusted for age and body weight, while models of BMI and waist circumference were adjusted for age and the AHEI); 2) Partition models that examined each activity adjusted for every other activity and confounders from single-activity models, and 3) Isotemporal substitution models (10) that examined the effect of substituting one activity for another by adjusting for time spent in each activity (except the activity which is being ''replaced''), confounders and accelerometer wear time. The resulting regression coefficients represent the estimated difference in mean PAEE, BMI, or waist circumference if the mean time of the omitted activity was reduced by 60 min and replaced by a 60-min increase in the included activities when total time is fixed (isotemporal).
All analyses were performed using SAS statistical software, version 9.3 (SAS Institute Inc, Cary, North Carolina, United States). The significance level was set at P G 0.05.
RESULTS
Baseline characteristics of participants by quartiles of prolonged ST are presented in Table 1 . The mean (SD) age, BMI, waist circumference, and PAEE among women and men, respectively, were 63.0 (9.4) and 68.1 (7.8) , 4.5% vs 5.5%). Prolonged ST was significantly and more strongly correlated with PAEE (negative), BMI (positive), and waist circumference (positive) than nonprolonged ST among both women and men (Table 2) . Multivariable-adjusted correlations between prolonged ST and outcomes were also significant with coefficients of j0.21 and j 0.27 for PAEE, 0.16 and 0.18 for BMI, and 0.15 and 0.26 for waist circumference, for women and men, respectively. For PAEE, multivariable-adjusted deattenuated correlations were slightly stronger; j0.26 and j0.36. For nonprolonged ST, correlations with all outcomes were weak but statistically significant in unadjusted models for women. After adjustment for covariates, only the correlation with PAEE remained significant with r = j0.10 in the multivariable-adjusted model and r = j0.15 in the multivariable-adjusted deattenuated model. There was no significant correlation between nonprolonged ST and any of the outcomes in men. Table 3 shows results from single-activity and partition models. In single-activity models, a negative association was seen between prolonged ST and PAEE, while positive associations were seen for BMI and waist circumference, all association were significant both among women and men. In partition models, prolonged ST was also significantly associated with higher BMI among both women and men as well as higher waist circumference among men only, but not associated with PAEE. Nonprolonged ST was significantly associated with lower PAEE in both women and men and higher BMI and waist circumference among women only in single-activity models, but not associated with any of the outcomes in partition models. In single-activity and partition models, significant positive associations were seen between LPA and MVPA with PAEE, whereas negative associations were seen with BMI and waist circumference among both women and men.
In isotemporal substitution models, replacing 1 h of prolonged ST with 1 h of nonprolonged ST was not associated with PAEE (kcal) in women (A = j7; 95% confidence interval [CI], j30 to 17) or men (A = j18; 95% CI, j13 to 48) (Fig. 1) . Further, replacing prolonged with nonprolonged ST was not associated with BMI or waist circumference in women but was significantly associated with lower BMI (j0.57 kgIm j2 ) and lower waist circumference (j1.61 cm) in men. Reallocating 1 h of prolonged ST to LPA was significantly associated with higher PAEE (61 and 96 kcal), lower BMI (j1.24 and j 0.85 kgIm j2 ), and lower waist circumference (j2.81 and j2.76 cm) in both women and men, respectively. Even stronger associations were seen when prolonged ST was substituted for MVPA; PAEE was higher (187 and 222 kcal), BMI was lower (j3.00 and j1.68 kgIm j2 ), and waist circumference was lower (j7.83 and j4.16 cm) in both women and men, respectively.
Replacing 1 h of nonprolonged ST with LPA was significantly associated with higher PAEE (68 and 78 kcal), lower BMI (j0.90 and j0.28 kgIm j2 ), and lower waist circumference (j1.82 and j 1.16 cm) among women and men, respectively. Similar to results for prolonged ST, stronger associations were seen for all outcomes when replacing nonprolonged ST with MVPA. Finally, replacing 1 h of LPA with MVPA was associated with significantly higher PAEE (126 and 127 kcal) and lower BMI (j1.76 and j 0.83 kgIm j2 ) among both women and men as well as lower waist circumference (j5.01 cm) among women only.
DISCUSSION
This study investigated associations between prolonged and nonprolonged ST measured objectively using accelerometers and DLW determined PAEE as well as self-reported BMI and waist circumference. Replacing prolonged ST with nonprolonged was significantly associated with lower BMI and waist circumference in men but not women and was not associated with PAEE in either group. Replacement of either type of ST with LPA or MVPA was associated with higher PAEE, and lower BMI and waist circumference in both men and women. Recently, studies showing benefits of breaking up ST on both metabolic markers and indicators of adiposity have emerged (5-9), implying that prolonged and nonprolonged ST may have different effects on health. Although still an emerging method, the isotemporal substitution approach has been used to study replacement of ST with higher intensity activities in relation to metabolic markers and indicators of adiposity (13, (15) (16) (17) (18) (19) 35) as well as mortality (11, 12) . Using this approach, Healy et al. (18) and Gupta et al. (19) differentiated between prolonged (Q30-min bouts) and nonprolonged (G30-min bouts) ST to examine associations with cardiometabolic risk markers and adiposity indicators.
In a study among adults with type 2 diabetes, Healy et al. (18) showed that replacing 30 min of prolonged ST with j4.38 to j1.00 a Covariates: age (yr) and body weight (kg), n = 736 (women) and n = 655 (men). b Covariates: age, body weight, prolonged ST (hId j1 ), nonprolonged ST (hId j1 ), LPA (hId j1 ) and MVPA (hId j1 ), n = 736 (women) and n = 655 (men). c Covariates: age and the Alternative Healthy Eating Index (AHEI), n = 715 (women) and n = 639 (men). d Covariates: age, the AHEI, prolonged ST, nonprolonged ST, LPA, and MVPA, n = 715 (women) and n = 639 (men). nonprolonged ST was significantly associated with a lower BMI. Further, replacing prolonged ST with LPA was associated with both lower BMI and waist circumference. Gupta et al. (19) investigated similar associations replacing prolonged ST with time accumulated in brief sedentary bouts, and showed even stronger associations with lower BMI and waist circumference. These results are similar to our findings of replacing prolonged ST with nonprolonged ST among men. However, although point estimates for the same time reallocation among women in our study indicated both lower BMI and waist circumference, these were not statistically significant. Similar to Healy et al. (18) we also found that replacing 1 h of either prolonged or nonprolonged ST with LPA was associated with significantly lower BMI and waist circumference. Interestingly, Healy et al. (18) did not report any significant associations when replacing prolonged or nonprolonged ST with MVPA. Nonetheless, similar to our study, Gupta et al. (19) showed significantly lower BMI and waist circumference when replacing 30 min of prolonged ST with MVPA. In the current study, lower BMI and waist circumference were also seen when reallocating nonprolonged ST to MVPA. Replacing ST with MVPA seemed to have a larger impact on all outcome variables compared with replacing ST with LPA. Nevertheless, focusing on the impact of LPA on BMI and waist circumference, as well as PAEE, may be a more feasible strategy to reduce ST in the general population. The difference between our results and those of Healy et al. may be explained by the larger sample size and higher levels of MVPA measured in our study. Results from other cross-sectional studies also suggest improvements in several metabolic biomarkers and lower BMI (14, 16, 17) and waist circumference (13, 16) when ST is replaced by MVPA.
Along with adding to the existing literature on benefits of replacing prolonged ST with activities of higher intensity on adiposity indicators, this study also examined associations with DLW measured PAEE. Standing or walking results in increased skeletal muscle activity compared to sitting or being in a reclined position (20) . Additionally, breaking up ST with spontaneous movement and intermittent light intensity activity during sedentary behaviors, for example, fidgeting, may result in substantial increases in energy expenditure (21) . Intermittent muscle contractions may also have an effect on energy expenditure. However, our results showed no difference in PAEE when replacing prolonged ST with nonprolonged ST. As expected, PAEE was significantly higher when replacing 1 h of ST, prolonged or nonprolonged, with LPA or MVPA. Although our results are cross-sectional, the differences in energy expended when substituting activities of lower intensity for higher intensity activities may partially explain the associations seen for BMI and waist circumference. Higher PAEE may result in less weight gain; substituting television viewing with activities of higher intensity has been associated with decreased weight gain over 6 yr of follow up (10) .
The cross-sectional design of our study is a limitation and prevents us from making inferences regarding causality of associations seen between ST and PAEE or indicators of adiposity. The 30-min cutpoint used to differentiate between prolonged and nonprolonged ST is somewhat arbitrary but breaking up ST every 30 min has been shown to have beneficial cardiometabolic effects in laboratory-based settings (36) . This cutpoint has also been used by others (18, 19, 37) . Reverse causation cannot be ruled out and having a high BMI/waist circumference may lead to low levels of physical activity and more time spent sedentary. However, Helajärvi et al. (38) looked at changes in television viewing time in relation to BMI and waist circumference longitudinally, and showed that the levels of television time were temporally antecedent to both outcomes. Individuals reporting a high amount of television viewing at all of the time points had more than twice the increase in BMI and waist circumference during follow-up compared to those reporting constant low levels. Nevertheless, future prospective studies using objective measures of sedentary behaviors are needed to assess the direction of this association. It is also important to acknowledge that estimates of substitution in the present study are model-based and do not reflect actual substitution.
Notable strengths of our study include a large sample of both men and women of a wide age range. Nevertheless, the study population consisted predominantly of white individuals of higher socioeconomic status and may therefore not be representative of the general population. However, the amount of time spent sedentary in the present study was similar (18, 19) or slightly lower (14, 15, 39) than previous reports. The proportion of total ST spent in prolonged bouts was also similar to prior studies (18, 39) , although some studies have reported higher percentages (9, 19, 37) . Assessment of additional lifestyle factors allowed for statistical adjustment although residual or unmeasured confounding cannot be ruled out. An additional limitation is that BMI and waist circumference were self-reported by study participants. However, participants in the WLVS and MLVS studies are experienced in self-reporting these variables during follow-up assessments in NHS, NHSII, and the HPFS. Further, although the AHEI allows for adjustment of diet quality, it does not take energy intake into account. Nevertheless, greater adherence to the AHEI has been associated with both lower BMI and more exercise (32) although we cannot rule out residual confounding from energy intake.
Objective assessment of ST and time spent at different intensity levels using accelerometers is the strength of our study. However, while the precision in measuring MVPA is high, measuring ST using the Actigraph GT3X has been shown to be less precise due to lack of information regarding posture, resulting in the inability to differentiate between sitting and standing (40, 41) . This is a limitation as these two behaviors may have different effects on health. Reallocating sitting to standing or stepping has been associated with lower BMI and waist circumference (42) and replacing sitting with standing in workplace interventions has been associated with improved HDL (3) and postprandial glucose excursion (4) . The misclassification of time standing still as sedentary may therefore have contributed to smaller differences seen when reallocating ST to activities of higher intensity in our study. Standing has also been associated with increased skeletal muscle activity compared to a seated posture (20) , which may have a more direct implication for associations between ST and PAEE. Additionally, it is possible that some periods of prolonged ST were misclassified as nonwear time. Consequently, when the threshold of Q10 hId j1 of accelerometer wear time to account for a valid day was applied, days with high amounts of prolonged ST may have been excluded from analysis, potentially contributing to more conservative effect estimates for prolonged ST. Another factor that may contribute to lower correlations is the fact that accelerometer and DLW measurements did not occur during the same time. However, collecting both measures concurrently overestimates the true long term correlation between these methods, which is usually the focus of epidemiologic studies with disease outcomes (43) . An additional strength is repeated measurements of energy expenditure using DLW which allowed for adjustments of within-person variation in analysis of PAEE.
In conclusion, reallocations of prolonged ST to nonprolonged ST was not associated with higher PAEE and was only significantly associated with lower BMI and waist circumference in men, but not women. Replacing ST, both prolonged and nonprolonged, with either LPA or MVPA was associated with higher PAEE, and lower BMI and waist circumference. Although cross-sectional, our findings provide preliminary evidence regarding the beneficial effects of limiting time spent sedentary as well as decreasing the number of prolonged sedentary bouts on BMI and waist circumference. Furthermore, these results may be important for future public health messages as for some individuals, particularly older adults, it may be more feasible to replace ST with LPA, rather than MVPA. Replacing ST with activities of light or higher intensity may have a substantial impact on PAEE and could be an important factor in weight maintenance. Nevertheless, prospective studies, which allow examination of the direction of associations, using accelerometers are needed.
